In an earlier study, we evaluated the immune responses to pertussis in neonates given an additional dose of DTP vaccine in the newborn nursery (I). The study was originally undertaken to evaluate the potential benefit of neonatal immunization prior to nursery discharge for immigrant population groups with low immunization rates. It was demonstrated that an early neonatal dose of DTP resulted in a lowered pertussis antibody response in the subgroup of infants who had low maternally acquired levels of antibody. This suggested the possibility of tolerance being induced by early immunization in at least a subgroup of infants.
The purpose of the current study was to evaluate diphtheria and tetanus antibody responses in these infants. We were also interested in characterizing subclass-specific antibody responses because little is known about subclass-specific responses in infants. In addition, we evaluated the influence of maternally acquired antibody on the total and subclass-specific immune responses.
MATERIALS AND METHODS
Subjects, immunizations, and specimens. Ninety-one healthy, full-term newborn infants (Hispanic-62 %, Caucasian-23%, black-lO%, and Asian-5%) were prospectively enrolled during a 6-month period in 1979. They were randomly assigned to a RD group or a NO group. The RD group received intramuscular injections of DTP vaccine (0.5 ml, Wyeth Laboratories) at 2, 4, and 6 months of age. The NO group received the first dose of DTP before 4 days of age in addition to the usual series at 2, 4, and 6 months of age. Sera were obtained at birth from the umbilical cord and then from infants at 6 and 9 months of age. All sera were frozen at -20 0 C until antibody assays were performed. For this study, 28 sets of sera acquired at birth, 6 and 9 months were available for evaluation . One set of sera from the NO group analyzed for diphtheria antibody was not sufficient in amount to be analyzed for tetanus antibody.
Antibody assays. IgG-specific diphtheria and tetanus antibody levels and IgG subclass-specific tetanus antibody levels were measured by ELISA. For the diphtheria antibody measurements, microtiter trays (Immunlon II, Dynatech) were coated for 2 h at 3r C with 375 ng/ml of diphtheria toxoid (0.135 LF/ml). The plates were then washed with PBST three times and serial dilutions of sera were added to duplicate wells. The plates were incubated overnight at 4 0 C and washed an additional three times. Goat antihuman IgG (Atlantic Antibodies) conjugated with alkaline phosphatase (Sigma) was then added to the wells and incubated for 4 h at RT in the dark. The plates were again washed three times with PBST, and substrate buffer containing 0.1 % p-nitrophenylphosphate was added for 1 h at RT in the dark. Optical densities were measured with a Titertek Multiskan (Flow Laboratories) at 405 nm. The standard reference serum used in these assays was obtained from an adult with the highest relative diphtheria antibody found from screening adult serum samples. Buffer as well as serum with no detectable antibodies were included in each assay as negative controls. Agammaglobulinemic sera also had no detectable reaction. All assays were performed in duplicate. Diphtheria antibody units were quantitated by the method of Zollinger and Bostego (2) .
The total IgG antitetanus antibody was measured in an ELISA DENGROVE ET AL. at birth (GMT: 1.9 JLg/ml ND group versus 1.1 JLg/ml RD group), at 6 months (GMT: 7.7 JLg/ml ND group versus 3.7 JLg/ml RD group), or at 9 months of age (GMT: 10.3 JLg/ml ND group versus 9.68 JLg/ml RD group) (NS, t test).
Tetanus antibody. The analyses of tetanus IgG immune responses were similar to those of diphtheria. There was no difference in antibody levels between the RD and ND groups at 0, 6, or 9 months of age (NS, Rank Sum and t test) ( Fig. 2A) . The influence of maternal antibody is shown in Figure 2B . Data for the vaccine groups were combined and divided into high or low classes based on maternally acquired levels of antibody in cord blood (>GMT or :sGMT ofcord blood, respectively). There was no significant difference in antitoxin levels between these groups at 6 or 9 months of age.
Finally, by comparing the ND and RD groups in infants with low cord levels of tetanus antibody, we assessed the possibility of tolerance. There were no statistical differences in antibody levels at birth (GMT: 1.4 JLg/ml ND group versus 1.1 JLg/ml RD group), at 6 months (GMT: 4.5 JLg/ml ND group versus 2.7 JLg/ml RD group), or at 9 months of age (GMT: 15.9 JLg/ml ND group versus 13.6 JLg/ml RD group) (NS, t test).
Tetanus subclass antibody. IgG subclass-specific levels of tetanus antibody were measured in specimens obtained at birth, 6 months and 9 months for both the ND and the RD groups ( 
.... co similar to the IgG diphtheria ELISA, except that the plates were coated with tetanus toxoid (50 ng/ml, 0.025 LF/ml), kindly provided by the Massachusetts Biologic Laboratories. Human tetanus immunoglobulin (Travenol HU-TET, 250 U/vial) in serial dilutions was used as the standard positive control, and buffer as well as serum with no detectable antibodies as negative controls. These all had equivalent negative values which were less than the lowest value on the corresponding standard curve. Total IgG antibody was quantitated by the method of Zollinger and Bostego (2) .
The IgG subclass-specific tetanus ELISA differed from the total tetanus IgG ELISA in that microtiter trays were coated with 0.1 ml tetanus toxoid (0.1 LF/ml) for the subclass assays and only 0.025 LF/ml for total IgG assays. These concentrations were shown to be optimal in preliminary assays. For subclass antibodies sera were then added to the wells and incubated for 2 h at 37" C followed by three washes. Monoclonal mouse antihuman IgG subclass-specific antibodies (Seward) were then added to the wells and incubated overnight at 4°C, followed by the addition of rabbit antimouse IgG conjugated with alkaline phosphatase (Sigma) for 1 h at 37" C. Finally, substrate buffer containing 0.1 % p-nitrophenylphosphate was added for 1 h at RT in the dark, and optical densities were then read. The standard positive control was obtained from an adult who was recently immunized with tetanus toxoid and demonstrated a high level of antibody for a particular IgG subclass. This control value was arbitrarily assigned a value of 4000 U, and levels of antibody for each subclass were calculated relative to this reference.
Total IgG antibodies to tetanus and diphtheria were measured on each specimen in single same day assays for each antigen. All IgG-I values were measured in one assay, as were all IgG-2, IgG-3, and IgG-4 values. The specificity of the monoclonal antibodies to IgG-I was verified by demonstrating their reaction with purified G-l myeloma protein, but not with purified G-2, G-3, or G-4 proteins. Monoclonal antibodies to the other IgG subclasses were similarly shown to react only with the corresponding myeloma protein.
Statistics. All antibody levels were log transformed for analysis. Differences in the levels of antibody between the RD and ND groups or the high and low maternal antibody groups were analyzed using the Wilcoxon Rank Sum test for nonnormalized data and the Student's t test for normally distributed data (3). Tetanus subclass-specific IgG antibody levels were analyzed using the Student's t test alone. Correlations between IgG tetanus antibody levels and individual subclass levels were established by analysis of repeated measurements (4).
RESULTS
Diphtheria antibody. The diphtheria IgG antibody levels in cord, 6 and 9 months blood samples for RD and ND groups are shown in Figure IA . There were no significant differences between the antibody levels of the RD and the ND groups at any time point (NS, Rank Sum and t test).
In as much as the immune responses to diphtheria toxoid were similar for both groups, the ND and RD groups were combined to evaluate the influence of maternal antibody. Individual cord blood titers were compared to the GMT of all cord bloods. Based on this comparison, cord blood specimens were divided into high or low maternal antibody groups (>GMT or :sGMT of cord blood, respectively). Shown in Figure IB are the levels of maternally acquired antibody in the high and low groups at 0, 6, and 9 months of age. There were no significant differences in the antibody levels between the high and low groups at 6 or 9 months of age.
To evaluate a potential effect of tolerance, we compared the diphtheria immune response in the ND and the RD groups, examining only those infants born with low levels of diphtheria antibody. There were no significant differences in antibody levels IMMUNE RESPONSES TO OT 737 partially dependent on the level of maternal antibody. Since each assay was independently quantitated, the absolute values cannot be compared and only relative changes in antibody titer over time are important.
Sequential antibody levels of all subclasses in four infants representing different response patterns are shown in Figure 4 . Infants with low cord blood levels universally had a rise in titer at 6 months and most had a further increase at nine months whereas others dropped after the 6-month sample. Those that began with high cord blood level of antibodies generally had a decrease in antibodies at 6 months after which they either continued to decline or, more commonly increased between the 6 and 9 months of age. These patterns were not influenced by neonatal immunization since pattern A, B, and C were observed in both the ND and RD infant groups. Pattern D occurred in only one infant who had received neonatal immunization. It should be noted that different standard and positive control sera and different antisera were used for the various subclass assays. Therefore, IgG 1 units are not quantitatively comparable to IgG2, IgG3, or IgG4 units, although changes in IgG 1 units in a given infant and differences in IgG I units between different infants are accurately represented. The same is true for antibody units of the other subclasses.
DISCUSSION
Although immune responses to tetanus and diphtheria antigens can be elicited from birth or before (5), these responses improve with age, especially after the first 2 months of life. Osborn et al. (6) demonstrated this phenomenon for diphtheria and tetanus toxoid in infants ranging in age from birth to 6 months. Di Saint'Agnese (7) and Gaisford et al. (8,) showed that the majority of young infants immunized with DTP beginning in the first week of life subsequently developed protective antibody levels. In our study, we also demonstrated that high levels of antibody can be achieved in infants given an early neonatal dose of diphtheria or tetanus toxoid. Moreover, we found that an extra dose of DTP given to neonates neither enhanced nor diminished their antibody levels to diphtheria or tetanus at 9 months of age.
In addition to a general immaturity of the immune system, another potential immunosuppressing factor in the newborn is the level of passively acquired maternal antibody. Although the mechanism of this suppression is not clear, Wilson and Miles (9) postulated that passively acquired antibody could bind to antigen forming a complex, which might be more readily cleared from the body. Therefore, transplacentally acquired antibodies might diminish the primary immune exposure. Although no studies exist specifically for tetanus toxoid, a suppressive effect of high maternal antibody level on infant immune response to diphtheria toxoid has been shown (8, 11) . However, this effect on diphtheria immune responses is incomplete and can be overcome with multiple antigenic stimuli. The current immunization schedule at 2, 4, and 6 months has been shown to induce high levels of diphtheria antibody whose final titers are not influenced by passively acquired antibody (12) . In our study, by comparing tetanus and diphtheria immune responses according to low or high cord antibody levels, we showed no statistically significant suppressive effect of maternal antibody. However, all infants in our study had detectable diphtheria and tetanus antibody at birth and therefore we cannot extrapolate to the situation in third world countries where a sizeable proportion of newborns have no antibody and are susceptible to tetanus neonatorum. Any subtle diminution of diphtheria, tetanus, and tetanus subclassspecific responses at 6 months of age in subjects with high maternal antibody, was not apparent by 9 months of age.
The concept of immunological immaturity of the newborn is closely linked with that of immunological tolerance. While there are studies about tolerance reported for pertussis vaccination (I, 13), there are little data regarding diphtheria or tetanus toxoid. '" >-3). The responses for IgG-l, IgG-2, IgG-3, and IgG-4 were not statistically different between the vaccine groups at any of the time points. For the ND group, the mean increase in antibody at 9 months was 1.7, 2.2, 1.7, and 2.4 times the values at 6 months for IgG-l, IgG-2, IgG-3, and IgG-4, respectively. Correspondingly, for the RD group at 9 months, the mean increases in tetanus antibody level were 2.0, 2.5, 2.9, and 3.5 for IgG-l, IgG-2, IgG-3, and IgG-4, respectively. Although there was a tendency for the ND group to have higher cord blood and lower 9 month antibody levels for each of the subclasses these differences were not statistically significant (Fig. 3) .
In as much as none of the subclass specific antibody levels differed significantly according to vaccine group, data from the ND and RD groups for each subclass were combined. The data were then divided into high or low levels based on maternally acquired antibodies (>GMT or sGMT of cord blood, respectively). For all subclasses, the infant groups with low cord blood antibody had higher mean serum antibody levels at 6 and 9 months of age than the infant group which had high cord blood antibody levels (Table 1 ). These differences between groups indicated a trend, although statistical significance at p = 0.056 level was attained only for IgG-2.
Antitetanus responses were evident in all four IgG subclasses. Subclass responses and total IgG antibody responses in individual children paralleled one another in every instance. The unique pattern of each infant's subclass and total tetanus responses was IgG-1 
Age IMontns)
IgG-4 * In all subclasses, the infants with low cord blood antibody had higher mean serum antibody levels at both 6 and 9 months of age than the infants who had high cord blood antibody levels. Utilizing Student's t test, the differences often approach but only attain statistical significance for IgG2 at 6 months of age.
t Values represent geometric mean's of ELISA units. Low maternal antibody refers to~geometric mean of combined ND and RD group. High maternal antibody refers to > geometric mean of combined ND and RD group.
In the present study, we compared the immune responses of infants in the ND and RD groups with low cord tetanus and diphtheria antibody levels. We selected these infants because an adverse effect of neonatal pertussis immunization was reported in this group. However, similar diphtheria and tetanus antibody levels at 6 and 9 months were achieved for both ND and RD vaccine groups. Thus, tolerance for diphtheria or tetanus antigen was not demonstrated. It was of interest to determine whether all four IgG subclasses contributed to the total tetanus IgG antibody response. IgG I is generally considered to be the predominant subclass contributing to tetanus antibody (14, 16) . In this study, we demonstrated subclass responses to the tetanus toxoid component of the DTP vaccine for all four subclasses. We chose not to quantitate absolute levels of antibody for each subclass by the method of Zollinger, because it has not yet been shown that this is equivalent to quantitative precipitin assays for subclass antibodies. A complicating factor is that there is insufficient precipitating antibody for some subclasses to perform quantitative precipitin tests. Since we were primarily interested in immune responses rather than absolute antibody levels, we used a high titered serum to construct a standard curve for each subclass. Therefore, we could not determine in this study what proportion of the total IgG antibody was comprised of each subclass.
We found that a given infant displayed a similar sequential pattern for each of the four subclasses which also paralleled the total IgG immune response pattern. This suggests that the mechanisms regulating the four subclass antibody responses are similar or identical in infants who are functionally competent to synthesize all four types of antibody. Thus regulation of antiprotein antibodies in infancy seems to relate more to class-specific than to subclass-specific determinants.
In conclusion, the IgG antibody responses at 6 and 9 months of age in infants receiving an additional early neonatal immunization with diphtheria and tetanus toxoid were equivalent to those who received only routine immunizations. There was no AGE (mon'hsl AGE (mon'hs) Fig. 4 . Patterns of antibody response to tetanus toxoid in fou~representative infants. Infant A had low cord blood titers and all four subclass antibodies rose at 6 months and continued to rise until 9 months of age. Infant B started with low cord blood titers and had rising titers at 6 months of age but a drop at 9 months. Infant C initially had high cord blood antibodies and had drop of all four subclass antibodies at 6 months, followed by a rise at 9 months. Infant D had high cord blood titers, a decrease at 6 months, and a further decrease at 9 months of age. significant difference in subclass levels by 9 months of age. The subclass responses to tetanus toxoid were mirrored by the total IgG response. All infants, regardless of the number of DTP doses or the level of maternal antibody, had definitive immune responses to diphtheria and tetanus toxoid by 9 months of age.
